CZTS precursors [SLG/Mo (300 nm)/ZnS (460 nm)/SnS (480 nm)/Cu (240 nm)] were deposited by RF/DC sputtering, and then NaF layers (0, 15, and 30 nm) were grown by electron beam evaporation. The precursors were annealed in a furnace with Se metals at 590°C for 20 minutes. The final composition of the CZTSSe thin-films was of Cu/(Zn + Sn)~0.88 and Zn/Sn~1.05, with a metal S/Se ratio estimated at~0.05. The CZTSSe thin-films have different NaF layer thicknesses in the range from 0 to 30 nm, achieving a~3% conversion efficiency, and the CZTSSe thin-films contain~3% of Na. Kelvin probe force microscopy was used to identify the local potential difference that varied according to the thickness of the NaF layer on the CZTSSe thin-films. The potential values at the grain boundaries were observed to increase as the NaF thickness increased. Moreover, the ratio of the positively charged GBs in the CZTSSe thin-films with an NaF layer was higher than that of pure CZTSSe thin-films. A positively charged potential was observed around the grain boundaries of the CZTSSe thin-films, which is a beneficial characteristic that can improve the performance of a device.
, which is similar to that of CIGS [4] , and thus the photo-generated carrier can efficiently be absorbed just a few micrometer. However, CZTSSe thin-film solar cells have a conversion efficiency of 12.6%, which is lower than the 20.8% of CIGS solar cells. Also, there are some limitations in producing CZTSSe thin-film solar cells where, for example, the optimal growth conditions are still not well known. In order to reduce gap in the efficiency with CIGS, there are many issues related to CZTSSe compounds that must be solved.
One issue is the effect that Na has on the material. In previous studies, the introduction of Na to CIGS solar cells enhanced the open-circuit voltage (V OC ) and the fill factor (FF) [5] . The Na from the soda lime glass diffused out to the CIGS layer, resulting in an improvement in the crystallinity while prohibiting the inter-diffusion of In and Ga. Furthermore, Na increased the hole concentration of the CIGS absorber layer, and it also enhanced the p-type conductivity [6, 7] . Rudmann et al. reported that Na was located at the grain boundaries (GBs) in polycrystalline CIGS and not in the bulk of single CIS [5, 8] . Na incorporates into the In and Ga lattice sites as an acceptor, and the In or Ga atoms on the Cu sites [(In, Ga) Cu defects] were replaced with Na on the Cu sites (Na Cu ). Thus, Na can reduce the amount of In-Cu antisites (In Cu donors), enhancing the crystallinity [9] [10] [11] . In other studies, Na was observed to enhance the efficiency of the solar cells by changing the electronic properties of the cells, such as the electrical passivation, and by improving the atomic motilities [12] . In addition, the Na removed the defect states in the CIGS thin-films, and therefore many acceptor and donor states, as well as defects, around the GB could be altered.
The GB states in CIGS have an increased concentration of free carriers as a result of the passivation by Na. This results in the occurrence of acceptor-like states or in the elimination of donor-like states at the GBs. The effective electron diffusion length of CIGS can then affect the V OC [12] . Yan et al. confirmed that Na segregates across the GBs in CIS thin-films grown on SLG. Kelvin prove force microscopy (KPFM) measurements revealed that the GBs in CIS films exhibited a positively charged potential (~200 meV) [13] , but on the other hand, the surface of the CIS thin-films grown on borosilicate glass revealed a small potential value lower than 30 meV. Therefore, Na provides a beneficial effect to CIGS thin-films by forming an electrical potential at the GBs due the segregation of Na across GB. Consequently, the positively charged potential at the GBs due to the Na segregation could repel holes and attract electrons, suppressing recombination [13] . The grain boundaries (GBs) of the CIGS act as a factor that improves the performance of the cells, contrary to single crystal thin-film solar cells where GBs act as defects and recombination centers [14, 15] .
We have already published how the dominant positively charged GBs and the negatively charged IGs on CZTSSe thin-films assist in the efficient carrier collection and carriers separation near the GBs [16, 17] . Also, Sutter-Fella et al. reported that Na in CZTSSe thin-films formed liquid Na 2 Se x phases, enhancing the grain growth and thereby improving the electronic properties at an optimal thickness of the NaF layer (10 nm) [6] . They suggested that Na accumulated around the GBs, thus improving the carrier collection in the CZTSSe thin-film solar cells. However, a high amount of Na was not sufficiently incorporated into CZTSSe absorber layer. Details on the effects of Na on the GBs of CZTSSe are still lacking. Thus, in this study we used KPFM to carefully investigate the potential distribution around the GBs with respect to the variation of the NaF layer on CZTSSe thin-films.
Method
The metal precursors of the CZTSSe layers were grown via RF/DC sputtering, and the staking order was SLG/ Mo/ZnS/SnS/Cu. The thickness of each stacked layer was~460 nm for ZnS, 480 nm for SnS, and 240 nm for Cu. After the deposition of the precursor, the NaF layer was grown on the precursors via electron-beam evaporation at thicknesses of 0, 15, and 30 nm. The precursors were annealed with Se metals in a furnace at 590°C for 20 minutes. The final composition of the CZTSSe thinfilms measured through inductively coupled plasma (ICP) was of Cu/(Zn + Sn)~0.88 and Zn/Sn~1.05 . The metal S/Se ratio was estimated to be~0.05, and the grain sizes of the CZTSSe thin-films were of 1-2 μm, and that of CZTSSe thin-films with the NaF layers were of 4-5 μm, as measured by field emission scanning electron microscopy (FE-SEM) (JSM-6700F).
The KPFM measurements were performed using commercial atomic force microscopy (AFM) (Nanofocus Inc. South Korea, n-Tracer). A Pt/Ir coated tip was used for to measure the topography and the surface potential. In this paper, we calibrated the tip by using a highly oriented pyrolytic graphite (HOPG) sample. The topographic and KPFM images were obtained under a non-contact mode at a resonant frequency of the probe of about 78.3 kHz. The scanning rate was set to 0.5 Hz to minimize the topological signal. The work function of the HOPG was generally known to be 4.6 eV [18] . The KPFM tool is widely used to characterize semiconductors, such as for obtaining the surface potential Figure 1 Schematic illustration of Kelvin probe force microscopy and surface potential measurement system. and the work function of the sample surface at a nanoscale. From the KPFM measurements, we can obtain the contact potential difference (V CPD ) (i.e., the surface potential) which is different from using a metallic AFM tip and obtaining the sample work function.
The V CPD can be defined as in Eq. 1. If the tip approaches the sample, then an electrostatic force forms between the metal tip and the surface of the sample. When the tip approach to the sample surface, the Fermi levels of the tip and the sample achieve a state of equilibrium. In the equilibrium state, a V CPD forms as a result of the difference in the vacuum level. An external bias DC voltage (V DC ) nullifies the V CPD , forming a feedback system, as shown in Figure 1 . The V DC has the same magnitude as the V CPD , and the V CPD has the same values as the work function difference between the tip and the sample. Furthermore, an AC voltage (V AC ) can also be applied to the tip at an amplitude of 1 V with a frequency of 70 kHz, together with the V DC , and the V AC enables the oscillation of electrical forces on the tip.
We can consider the metal tip and the surface of the sample to form a capacitor. Thus, the electrostatic force of tip and the sample [F(z)] can be defined as in Eq. 2. The ∂C/∂z is the gradient of the capacitance, and F(z) is the equation where ΔV is the potential difference between V CPD and the voltage applied to the tip. The equation for the electrostatic force applied to the tip can be divided into three terms, as shown in the first term from Eq. 3. The first term is inserted here in Eq. 2, and we can then obtain Eq. 3. Eq. 3 is divided into three parts. In the first part of Eq. 3, F DC (Eq. 4) represents the static deflection of the tip that is used, and F ω (Eq. 5) and F 2ω (Eq. 6) oscillate with frequencies proportional to ω. F ω in Eq. 5 generally measures the V CPD , and F 2ω is used for capacitance microscopy [19] .
Result and discussion
The CZTSSe thin-films deposited by sputtering method have different thicknesses in the NaF layer: 0 (a), 15 (b), and 30 nm (c). The CZTSSe thin-films contain~4% of Na. The efficiency of the CZTSSe solar cell is almost Figure 2 Scanning probe microscopy images of (a) NaF (0 nm)/ CZTSSe (b) NaF (15 nm)/CZTSSe (c) NaF (30 nm)/CZTSSe thin-films deposited by sputtering method. The NaF/CZTSSe thin-film surface shows the higher grain size. similar at~3%. The grain size of the CZTSSe thin-films increases by adding NaF, as compared to the thin-films without an NaF layer, as shown in Figure 2 . The CZTSSe thin-films without NaF presented a grain size of 1-2 μm, and that with an NaF layer was of 4-5 μm. The surface uniformity also improved by adding an NaF layer. Figure 3 shows the topographic and the surface potential images of the CZTSSe thin-films with and without an NaF layer. The topographic images and the line profile results showed that the height of GBs in the CZTSSe thin-films with the NaF layer were reduced from 400 nm to 100 nm. We also obtained the root mean square (RMS) roughness of the CZTSSe to be 177 nm, and the films with the NaF layer had a lower roughness of 106 nm (15 nm NaF) and 112 nm (30 nm NaF). Thus, adjustments of the NaF layer thickness were observed to influence the grain growth and the formation of a uniform surface. Figures 3(d)-(f ) show the surface potential images taken through KPFM measurements. The yellow region represents the positive surface potential values, and the blue region represents the negative potential values. Figures 3(e) and (f ) exhibit the images of the potential mapping, and the potential near the GBs with an NaF layer increase relative to that without NaF [ Figure 3  (d) ]. In the CZTSSe films with NaF, the ratio of the yellow regions, especially that near the GBs, is larger than that of pure CZTSSe thin-films. Figure 4 (a)-(c) presents the line profile of the topographic, and the surface potential images are marked with a red line, as shown in Figure 3. Figures 4(d)-(f) show the total potential distribution of the CZTSSe thin-films with respect to the thickness of the NaF layers. In Figures 4  (a)-(c) , the CZTSSe thin-films show that a negative potential value of about −100 mV at the half region of the GBs and a positive potential of about 110 mV at the IGs, as shown in Figure 4(a) . However, the potential of the CZTSSe films with the NaF layer showed a fully positively charged potential of about 120 mV (15 nm NaF) and 380 mV (30 nm NaF) at the GB regions and a negatively charged potential of about −200 mV (15, 30 nm NaF) at the IG regions. The potential distribution was found to be related to the downward band bending because the positive potential at GBs led to a reduction in the work function near the GBs in CZTSSe.
The positive potential distribution was higher as the NaF layer became thicker for the CZTSSe films, as shown in Figure 4(f ) . Thus, the potential value was the highest for the 30 nm NaF layer CZTSe film. In previous studies, many groups had reported benign behaviors of the GBs in polycrystalline CIGS thin-film solar cells Figure 6 The schematics of band diagram around GB in (a) without NaF and (b) with NaF layer in CZTSSe thin-films. The surface potential energy increases 160 meV around grain boundary with NaF layer. In case (b) Electron-hole carriers more efficiently help separate at the GB.
[20]. Jiang et al. confirmed the presence of a positively charged potential (smaller work function) at the GBs, as compared to that at the IGs, with a formation of a local built-in potential near the GBs. This can explain how electrons are drawn to the GBs and how holes are repelled from the GB. This is beneficial for carrier collection, and it also suppresses recombination at the GBs. Therefore, the local built-in potential on GBs in the CIGS thin-films plays a critical role to achieve the desired device performance and efficiency [14, 15] .
Meanwhile, the GBs of the CZTSSe thin-films exhibit similar electrical properties to those of GBs in CIGS thin-films. A higher positive surface potential was measured at the GBs relative to that measured at the IGs, and a current flowed through the GBs of CZTSSe thinfilms. This could improve the minority carrier collection near the GBs, and thus, the GBs are one of the essential factors that can enhance the high conversion efficiency of CZTSSe thin-film solar cells [21] .
Furthermore, our group reported the presence of the positive potential ratio at the GBs and a negative potential ratio at the IGs in CZTSSe thin-film, and these are closely related to device properties, especially to the J SC . The high conversion efficiency of the GBs of the CZTSSe thin-film consists of dominant, positively charged GBs and negatively charged IGs. This leads to a downward band bending at the GBs and an upward band bending at the IGs, which helps in carrier collection and suppresses the recombination at GBs that are limited to downward bandbended GBs. Thus, the J SC and the shunt resistance are enhanced [16] , and therefore we tried to characterize the effects of the GB on the CZTSSe film with respect to the presence of an NaF layer. Figure 5 shows a histogram from the statistical analysis of the potential value, focusing on the GBs and the IGs in the CZTSSe with and without NaF. The results are based on the line profiles of the regions of near GBs, and the histograms exhibit a positive potential distribution at the GBs as shown in Figures 5(a) -(c) and a negative potential distribution ratio at the IGs as shown in Figures 5(d)-(f) . The CZTSSe samples exhibit a lower positive potential ratio of 66% at the GBs and also a lower negative potential ratio of 30% at the IGs. However, the CZTSSe with NaF indicates a higher positive potential ratio of 77% (15 nm of NaF) and 94% (30 nm of NaF) at the GBs and a negative potential ratio of 45% (15 nm of NaF) and 60% (30 nm of NaF) at the IGs. The average potential at the GBs in the CZTSSe thin-film is of 74 mV, and that of CZTSSe with a 15 nm NaF thin-film is of 93 mV. The highest average potential of about~160 mV is shown in the 30 nm NaF thin-films. Therefore, we conclude that the average potential at the GBs increases by adding NaF. Figure 6 (a) displays the schematics of a band diagram near the GBs in the CZTSSe thin-films, and Figure 6(b) shows the CZTSSe thin-films with a 30 nm NaF layer. The higher thickness of the NaF layer enhances the positively charged (i.e. lower work function) GBs in the CZTSSe layer. In previous studies, the Na on the surface was observed to cause surface dipoles, and thus the dipoles may increase the potential near the GBs in the CIGS surface due to the higher Na concentration around the GBs than around the IGs [13] . Thus, Na could enhance the positively charged GBs in the CIGS thin-film surface, which is a phenomenon consistent with our results. The potential at the GB increases by almost 100 meV with the NaF layer in the CZTSSe absorber, as shown in Figure 6 (b). Moreover, the ratio of the positively charged potential at the GBs and the negatively charged potential at the IG increased with the NaF layer in the CZTSSe thin-films. The electronic properties of the material should be able to efficiently collect the electrons and the holes, helping in the separation around GBs where an NaF layer was added to the CZTSSe. However, it is essential to understand the defect states and the Na passivation through the GBs in CZTSSe layer in order to identify the influence of Na in the CZTSSe solar cells.
Conclusion
We investigated the surface potential of CZTSSe thinfilms with different thicknesses of the NaF layer by KPFM measurement. The potential value at the GBs relatively increased from 74 mV to 160 mV as the NaF thickness increased. In addition, the ratio of the positively charged GBs and that of the negatively charged IGs in CZTSSe thin-films also increased as the NaF layer increased. In these studies, the Na in CZTSSe layer was observed to have an electronically benign behaviors, efficiently collecting carriers and suppressing the recombination near the GBs.
